Edited by Karen G. Fleming JIP1 was first identified as scaffold protein for the MAP kinase JNK and is a cargo protein for the kinesin1 molecular motor. JIP1 plays significant and broad roles in neurons, mainly as a regulator of kinesin1-dependent transport, and is associated with human pathologies such as cancer and Alzheimer disease. JIP1 is specifically recruited by the kinesin-light chain 1 (KLC1) of kinesin1, but the details of this interaction are not yet fully elucidated. Here, using calorimetry, we extensively biochemically characterized the interaction between KLC1 and JIP1. Using various truncated fragments of the tetratricopeptide repeat (TPR) domain of KLC1, we narrowed down its JIP1-binding region and identified seven KLC1 residues critical for JIP1 binding. These isothermal titration calorimetry (ITC)-based binding data enabled us to footprint the JIP1-binding site on KLC1-TPR. This footprint was used to uncover the structural basis for the marginal inhibition of JIP1 binding by the autoinhibitory LFP-acidic motif of KLC1, as well as for the competition between JIP1 and another cargo protein of kinesin1, the W-acidic motif-containing alcadein-␣. Also, we examined the role of each of these critical residues of KLC1 for JIP1 binding in light of the previously reported crystal structure of the KLC1-TPR:JIP1 complex. Finally, sequence search in eukaryotic genomes identified several proteins, among which is SH2D6, that exhibit a motif similar to the KLC1-binding motif of JIP1. Overall, our extensive biochemical characterization of the KLC: JIP1 interaction, as well as identification of potential KLC1-binding partners, improves the understanding of how this growing family of cargos is recruited to kinesin1 by KLC1.
JIP1 3 and its close homolog JIP2 (JNK-interacting proteins 1 and 2, also known as islet brain (IB) 1 and 2, respectively) were first identified as scaffold proteins for JNK and p38 mitogenactivated protein kinases (1). In addition, they are adaptor proteins connecting the kinesin1 microtubule-based motor to cargo receptors such as p190 rhoGEF, ApoER2 (apolipoprotein E receptor 2), and APP (␤-amyloid precursor protein) (2) (3) (4) (5) (6) . In addition to its role as a kinesin1 adaptor, JIP1 regulates kinesin1-dependent transport: (i) it plays important roles in kinesin1 activation because its recruitment contributes to relieve motor domain inhibition for microtubule binding and motility (7, 8) , and (ii) it acts as a coordinator for anterograde and retrograde transport by modulating association of vesicles between kinesin1 and another microtubule-based motor, the dynein:dynactin complex (8) . Finally, the JIP1 binding to kine-sin1 can favor or prevent the binding of other protein cargos, such as JIP3/4 (JNK-interacting proteins 3 and 4, which are structurally unrelated to JIP1/2) (9) or alcadein-␣ (ALC␣, also known as calsyntenin) (10, 11) , impacting their transport. Thus, JIP1/2, which are mainly expressed in pancreas and brain, play significant and broad roles that can be associated with human pathologies such as obesity, diabetes, cancer, or Alzheimer disease (12) .
Kinesin1 is able to transport various cargos, like vesicles, organelles, or macromolecular assemblies, along microtubules (13) . It functions as a heterotetramer composed of a homodimer of kinesin heavy chains (KHC) bound to two kinesin light chains (KLC). KHC consists of three parts: an N-terminal globular motor domain (head) that contains the ATP and microtubule binding sites, a central elongated coiled-coil (stalk) responsible for dimerization, and a C-terminal unstructured region (tail) that regulates motor motility and recruits cargos. KLC is composed of three parts: an N-terminal heptad repeat region that binds to the KHC stalk, a tetratricopeptide repeat (TPR) domain involved in cargo recruitment, and a variable C-terminal region. Within the flexible linker between the heptad repeat region and the TPR domain of KLC, there is a highly conserved leucine-phenylalanine-proline motif flanked by acidic residues (LFP-acidic motif) that can act like an autoinhibitory motif by folding back on the TPR domain to prevent cargo binding (14) . The TPR domain of KLC consists of six TPR motifs (TPR1-6) with a non-TPR region of 40 residues inserted between the TPR5 and TPR6 motifs. Each motif repeat, involving two antiparallel ␣ helices (A and B), stacks together in a parallel array to form an extended molecule with an overall right-handed superhelical architecture. The TPR domain adopts a cradle shape with helices A of each repeat lining the concave face (or groove) and helices B lining the convex face. In vertebrates, four KLC isoforms (KLC1-4) are identified, and crystal structures of two of these isoforms were determined. Thus, crystal structures of KLC1 and KLC2 showed that the TPR domain adopts a classical TPR fold consisting of 12 helices with the partially flexible non-TPR region extruding from the convex side at the C-terminal part of the TPR domain (15) (16) (17) . Interestingly, the groove of KLC1 and KLC2 is composed of numerous asparagine and basic residues that allow binding of short and acidic segment sequences like those of the LFP-acidic autoinhibitory motif or protein cargos, such as ALC␣, TorsinA, or JIP1.
Several experiments were reported concerning the JIP1 recruitment by KLC1. On one side, co-immunoprecipitation assays revealed that the extreme C terminus of JIP1 (JIP1-Cter, -TCPTEDIYLE COOH sequence) is required to bind to the TPR domain of KLC1, and the tyrosine residue (Tyr 709 ) at position Ϫ3 from the end is critical for this interaction (6) . Also, the last glutamic acidic residue (Glu 711 ) of JIP1 was shown to be critical for KLC1 binding in vitro (15) . On the other side, in vitro binding assays reported that JIP1 does not interact with KLC2 and is thus a specific cargo for KLC1 with the Asn 343 , located in the TPR groove of KLC1 responsible for this specificity (15) . Despite there being no experimental information available concerning the specificity of KLC3 and KLC4 for JIP1, they share with KLC1 an asparagine residue at this determinant position, indicating that KLC3 and KLC4 probably recruit JIP1. Further, directed yeast two-hybrid investigations reveal that multiple mutations into the TPR groove of KLC1, especially on asparagine residues, abolished JIP1 binding (9) . Altogether, these data reveal that the extreme C terminus of JIP1 binds into the groove of the TPR domain, but the details of this interaction are not yet elucidated.
Interestingly, JIP1 competes with ALC␣ for kinesin1 transport, revealing that kinesin1 cannot recruit at the same time JIP1 and ALC␣. ALC␣, as well as the lysosome adaptor SKIP (SifA-kinesin-interacting protein) belong to a kinesin1 cargo family that is recruited by KLC1/2 through a bipartite tryptophan-based binding motif flanked by acidic residues (W-acidic motif) (10, 11, 18 -20) . Such a competition can be due to an overlap of JIP1-and ALC␣-binding sites into the TPR domain of KLC. Interestingly, KLC-binding motifs of JIP1 and W-acidic cargos exhibit similarities. In both, an aromatic residue is required to interact with KLC (6, 10, 11) , and on each side of it, acidic residues produce negative charged stretches in these motifs. However, isothermal titration calorimetry (ITC) experiments reveal that the determinant Asn 343 of KLC1, which is critical for JIP1 interaction, is not involved in ALC␣ binding (15) . Further, Dodding and co-workers (14) showed that the autoinhibitory LFP-acidic motif of KLC affected binding of SKIP in vitro, whereas it only marginally reduced that of JIP1. Altogether, these observations suggest that despite the mode of binding of JIP1 and W-acidic cargos with KLC sharing similarities, the details of their interactions are distinct.
To characterize the JIP1-binding site on the TPR domain of KLC1, we performed isothermal titration calorimetry (ITC) binding assays between various truncated fragments as well as mutants of the TPR domain of KLC1 and a peptide covering the last 10 residues of JIP1 (C10). Sequence search in eukaryotic genomes identified the mouse SH2D6 protein, which exhibits a consensus motif that is very similar to the KLC1-binding motif of JIP1; microscale thermophoresis (MST) binding assays were also conducted to characterize this potential interaction. By comparing with available crystal structures of KLC1-TPR complexes, our biochemical data allow us to discuss the structural basis of the marginal inhibition of the LFP-acidic motif for JIP1 binding to KLC-TPR as well as the competition between JIP1 and W-acidic motif cargo binding. During the revision of this manuscript, the crystal structure of KLC1-TPR bound to JIP1 was released. Thus, in light of this new 3D structure, we discussed the role of each of the critical residues of KLC1-TPR for JIP1 binding identified here.
Results and discussion

Sequence analysis of the KLC1-binding motif of JIP1/2
The multiple-sequence alignment of full-length homologs of JIP1 and JIP2 shows that JIP1/2-like homologs can be found in several clades of metazoans, including insects and nematodes. In invertebrates, a single homolog of JIP1/2 was found, hereafter referred to as JIP1-like. The first duplication giving rise to the two JIP1/2 subfamilies can be positioned at the origin of the vertebrate clade because a single version of the protein is found in species closely related to vertebrates such as lancelets (Branchiostoma floridae) and tunicates (Ciona intestinalis). The extreme C terminus covering the KLC1-binding motif is very well conserved in evolution in all species. Fig. S1 shows a phylogenetic tree for JIP1 and JIP2 homologs as well as a multiple-sequence alignment of the extreme C terminus containing the KLC1-binding motif of JIP1/2 homologs. In vertebrates, the sequence of the extreme 10 last residues of JIP1/2 is highly conserved, and the consensus sequence is (T/A)CPTED(I/ M)YLE COOH . Thus, the critical tyrosine is flanked by isoleucine (or methionine) and leucine residues, forming a hydrophobic triplet. The hydrophobic triplet is surrounded by three acidic residues, a glutamate and an aspartate residue before and a glutamate after. Also, because the JIP1-Cter motif is found at the extreme C terminus of JIP1, the C-terminal carboxylate represents a fourth negative charge. Finally, before the hydrophobic acidic sequence, three other conserved residues are found, cysteine, proline, and threonine.
To identify proteins exhibiting a similar motif as the KLC1binding motif of JIP1/2, we searched the consensus motif (E/D)(E/D)(I/M/L/V)Y(I/M/L/V)(E/D) against the UniProtKB database using the ScanProsite (21) tool. We first filtered the 599 identified motifs (in 598 sequences) by eliminating noneukaryotic sequences and keeping a single isoform per protein, which left 193 motifs (in 192 sequences) for further analysis. Interestingly, none of the proteins identified exhibit the potential KLC1-binding motif at the extreme C terminus, except Characterization of the JIP1:KLC1 interaction using ITC JIP1/2. We then filtered this list by removing all groups of proteins for which the potential KLC1-binding motif is found mainly in a region with predicted secondary structure. Indeed, the KLC1-binding motif in JIP1 is found in an unstructured region that is certainly a prerequisite to bind into the TPR domain groove. Finally, nonmammalian sequences were filtered out for final analysis. Thus, only 16 groups (among which were six groups with at least two proteins and 10 singletons) of proteins were identified in addition to the JIP1 and JIP2 homologs (Table S1 ), among which the group with the highest number of proteins (22 proteins) consists of the ␣-subunit of the sodium/potassium voltage-gated channel proteins, whereas the group that shares the highest conservation with the KLC1binding motif of JIP1/2 (strictly identical on the positions that define the search consensus motif) consists of a single protein: the mouse SH2 domain-containing protein 6 (SH2D6). Also, referred to as SLNK, SH2D6 is an SH2 domain-containing adaptor molecule identified as an ortholog of SLP76 (also known as LCP2; see the hOPMAP web server (22)), which is essential for signaling downstream of integrin and receptors containing immunoreceptor tyrosine-based activation motifs (23) . The potential KLC1-binding motif of mouse SH2D6 (accession number Q9D413) is located in the unstructured N-terminal half part surrounded by proline residues, allowing its potential interaction into the TPR domain groove of KLC1. A multiple-sequence alignment of SH2D6 homologs for the region containing the potential KLC1-binding motif is shown in Fig. S2 . In vertebrates, the consensus sequence of the motif in SH2D6 is (E/N)(D/N/G/S)(L/I/V/T)Y(L/V)(E/Q), which is well conserved, although less than in JIP1/2. Beyond the consensus motif, differences are, however, observed between JIP1 and SH2D6. In SH2D6, three acidic residues are found before the hydrophobic triplet in place of two in JIP1/2. In addition, a conserved two-basic residue (KK) patch is found at the N terminus of the consensus motif, whereas no basic residue is identified in JIP1/2 ( Fig. S1 ). And finally, because the consensus motif in SH2D6 is located in the internal part of the protein, there is no C-terminal carboxylate at the end of the motif. Altogether, this search highlights that a consensus motif similar to the KLC1-binding motif of JIP1/2 can be found in the unstructured internal parts of other proteins. However, biochemical analysis is required to validate these potential candidates as KLC1-binding partners.
The KLC1-binding motif of JIP1 is highly specific
Using ITC, we characterized the interaction between the complete TPR domain of KLC1 (ranging from the first helix (A1) of the TPR1 motif to the last helix (B6) of the TPR6 motif; called hereafter fragment [A1-B6]; Table S2 ) and peptides covering the last 10 residues of human JIP1 (called hereafter C10; sequence Ac-TCPTEDIYLE COOH ; Table S3 ). ITC data gave a dissociation constant (K d ) of 5.0 Ϯ 0.5 M for this reference measurement (Table 1 and Fig. 1A ) that is in accordance with previously reported values (14, 15) . The stoichiometry determined is N ϭ 0.85 Ϯ 0.01, close to 1, corresponding to one JIP1-C10 peptide bound to one KLC1-TPR molecule. This reference measurement was performed independently several times (n ϭ 7), which shows that the dissociation constant ranges from 2.5 Ϯ 0.4 to 8.3 Ϯ 0.6 M (mean Ϯ S.D. of 5.8 Ϯ 0.7 M; Table S4 ), revealing an experimental 2-fold factor variation in K d . Thermodynamic parameters exhibit negative enthalpy change and negative entropy contribution, supporting favorable hydrogen bonds and hydrophobic interactions. Further, measurements performed at variable ionic strengths showed the strong impact of salt concentration on the binding affinity (from 5 to 106 M, respectively, for NaCl concentration ranging from 150 to 500 mM; Fig. 1B ), revealing that electrostatics also play an important role in the interaction process. Altogether, these observations are in accordance with the presence of hydrophobic and acidic residues in the KLC1-binding motif of JIP1.
To delineate the minimal region of JIP1 required to interact with KLC1-TPR, we conceived various mutations on the JIP1-C10 peptide (Table S3 ) and performed ITC binding experiments with the reference KLC1-TPR-[A1-B6] fragment (Table  1 and Fig. 1C ). First, we examined a JIP1-C10 peptide carrying the Y709A mutation and confirmed the critical role of this residue for the interaction with KLC1-TPR because no binding is detected between JIP1-C10-Y709A and the KLC1-TPR-[A1-B6] fragment. Then we examined two JIP1-C10 peptides with a double mutation removing either the two hydrophobic residues flanking the critical tyrosine residue (JIP1-C10-I708A/L710A) or the two acidic residues before it (JIP1-C10-E706A/D707A). Both JIP1-C10-E706A/D707A and JIP1-C10-I708A/L710A peptides exhibit no binding for KLC1-TPR-[A1-B6] fragment (Table 1 and Fig. 1C ). These data highlight that although residues Tyr 709 and Glu 711 of JIP1 are critical for KLC1-TPR binding (6, 15) , their presence is not sufficient, and thus other residues among the EDIYLE sequence are also required. Altogether, these observations reveal that the KLC1-binding motif of JIP1 exploits several unique sequence-specific features that render its recognition by KLC1 highly specific.
A potential KLC1-binding motif in the internal unstructured part of SH2D6
Above, we identified a potential KLC1-binding motif in SH2D6 protein (Table S1 ), which we now examined for its ability to interact with KLC1. Two peptides covering the potential KLC1-binding motif of SH2D6 (sequences Ac-PDEDIYLECE-NH 2 and Ac-KKPDEDIYLECE-NH 2 ; Fig. 2A and Table S3 ) were conceived, and ITC-binding experiments were performed with the reference KLC1-TPR-[A1-B6] fragment. Unexpectedly, no binding was detected between these two SH2D6 peptides and KLC1-TPR-[A1-B6] ( Fig. 2B and Table S5 ). Of note, interaction was also tested with an equivalent fragment of the KLC2 isoform, and still no binding was detected ( Fig. 2B ).
Due to this unexpected result, and because we cannot exclude the possibility that interaction between KLC1 and SH2D6 peptides might occur in the absence of observed enthalpy release, we used MST to reassess this interaction. In contrast to ITC, an interaction between the reference KLC1-TPR-[A1-B6] fragment and the SH2D6- Table 1  Thermodynamic 
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parameters of the ITC experiments between various KLC1-TPR fragments and mutants and JIP1-C10 peptides
The factor fold is calculated considering KLC1-TPR-[A1-B6] fragment as the reference experiment (factor fold ϭ 1) and represents the -fold decrease in K d . The heat of dilution for injection was controlled with reference injections containing peptide alone before fitting. Each titration was performed in duplicates or triplicates, and the values reported here correspond to one titration. *, ITC measurement performed at 250 mM NaCl. a Values were determined from fits of the ITC profile using the single-binding site model. b K d was determined from K a derived from fits of the ITC profile using the single-binding site model. The indicated errors reflect the uncertainties calculated by Origin from the fit of the ITC profile.
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lower by a 3-fold factor than for JIP1, it is however significant. The difference of binding affinity between KLC1-TPR-[A1-B6] fragment and JIP1-C10-wt peptide observed in ITC and MST is probably due to the use of lysine-labeled KLC1-TPR in MST experiments. Thus, these observations reveal that despite sequence differences at the N-terminal and C-terminal parts of the potential KLC1-binding motif in SH2D6, the central strictly conserved EDIYLE sequence, which contains critical residues for JIP1 interaction, is sufficient for KLC1-TPR binding.
Mapping of the minimal region of KLC1-TPR for JIP1-Cter binding
To identify precisely regions of the KLC1-TPR domain that are required for JIP1 binding, we designed several truncated fragments of the TPR domain of KLC1 ( Fig. 3 and Table S2 ) based on available 3D structures (15, 17) . They were conceived such that KLC1-TPR is shortened by one helix either at the N terminus or at the C terminus of the domain. To conserve a functional TPR domain groove, no fragments smaller than three consecutive TPR motifs were conceived (24) . Thus, the first fragment truncated at the N terminus is deleted from the first helix (fragment [B1-B6]), the second one consists of the additional deletion of the second helix (fragment [A2-B6]), and so on. N-terminal truncations were done up to a minimal fragment consisting of the last three TPR motifs, including the non-TPR region ([A4-B6] fragment). Similarly, the first fragment truncated at the C terminus is deleted from the last helix (fragment [A1-A6]), the two next consist of the additional deletion of the next to last helix with or without the non-TPR region (fragments [A1-nonTPR] and [A1-B5], respectively), and so on. C-terminal truncations were done up to a fragment consisting of the first three TPR motifs ([A1-B3] fragment). Furthermore, a fragment consisting of the full TPR domain, but deleted from the non-TPR region, was conceived (fragment [A1-B6]-⌬nonTPR). Among these various KLC1-TPR fragments, some are not soluble or not stable during the purification process and precipitate, such as the [A1-A6], [A1-B4], and [A4-B6] fragments (Table S2) . Thus, these fragments were not used for ITC binding experiments. To evaluate the structural integrity of soluble KLC1-TPR fragments, we performed MALS, CD, and DSC experiments (Table S2 ). SEC-MALS experiments revealed that all KLC1-TPR fragments studied here are monomeric in solution. CD experiments showed that all KLC1-TPR fragments are mainly ␣-helical with helix content ranging from 62.5 to 85%. DSC experiments gave melting temperatures (T m ) ranging from 47.2 to 61.6°C. Altogether, these results demonstrate that these KLC1-TPR fragments are monomeric, well folded, and stable. However, because of significant differences in secondary structure helix content and T m between these KLC1 fragments, we cannot exclude the possibility that truncations impact the overall dynamics of these TPR domain fragments.
We performed ITC binding experiments between the WT JIP1-C10 peptide and various truncated fragments of the KLC1-TPR domain ( Table 1 and Table S4) 
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A2 helices affects JIP1-C10 binding by a factor of 2.5 and 6.7, respectively. Accordingly, a negative enthalpy change decrease is observed for these interactions compared with the reference KLC1-TPR fragment, indicating a loss of contacts (Table 1) . KLC1-TPR fragments with additional helix truncations (B2, A3, and B3 helices) exhibit no binding to JIP1-C10 (Table 1 and Fig. 4A ). Because the presence of the histidine tag at the N terminus of the KLC1-TPR can impact or even prevent JIP1-C10 interaction, we performed ITC binding experiment with both [B2-B6] and [A3-B6] fragments cleaved from their histidine tag. Both [B2-B6] and [A3-B6] fragments showed the same binding behavior in the absence or presence of the histidine tag (Tables S4 and S6 , and Fig. S3 ), which indicates that the presence of the histidine tag does not perturb JIP1-C10 binding. On the other side, JIP1-C10 peptide binds to the [A1-nonTPR] fragment with a K d of 4.2 Ϯ 1.1 M, whereas it binds to [A1-B5] and [A1-A5] fragments with a K d of 14.0 Ϯ 1.2 and 35.5 Ϯ 3.0 M, respectively (Table 1 and Fig. 4B ). Thus, deletion of the two last helices (A6 and B6) of the TPR6 motif does not affect the binding affinity for JIP1-C10, whereas the additional deletion of the non-TPR region affects JIP1-C10 binding by a factor of 2.8. This observation suggests that the non-TPR region moderately impacts JIP1 binding. This is confirmed by the fact that the complete [A1-B6] fragment deleted from the non-TPR region ([A1-B6]-⌬nonTPR fragment) similarly affects JIP1-C10 binding by a factor of 2.7 (Table 1 and Fig. 4B ). The residues from the non-TPR region do not participate in the groove surface; thus, we suspect its contribution for JIP1 binding to be related to the dynamics of the TPR domain. This is supported by a decrease in the negative entropy contribution observed when the non-TPR region is deleted (Ϫ2.6 kcal/mol Ϫ1 ) compared with the reference fragment (Ϫ4.5 kcal/mol Ϫ1 ) ( Table 1) . Because the non-TPR region is disordered, especially in KLC1 (presence of five glycine residues and absence of a cysteine residue that is involved in a disulfide bridge in KLC2) (15) (16) (17) , its deletion should decrease the overall KLC1-TPR flexibility. This is also supported with the [A1-B5] fragment that exhibits an important entropy contribution decrease compared with the [A1-nonTPR] fragment, which differs only by the presence of the non-TPR region (Table 1) . Then the additional deletion of B5 helix significantly affects JIP1-C10 binding by a factor of 7.1 ( Table 1) . As a reminder, the [A1-B4] fragment is not soluble, and thus ITC experiments cannot be performed with this fragment. Finally, the [A1-A4] fragment exhibits no binding to JIP1-C10 (Table 1 and Fig. 4B ). Altogether, these experiments narrow down the minimal region of KLC1-TPR for JIP1-C10 binding from A2 to B5 helices (Fig. 4C ). Thus, both TPR1 and TPR6 motifs are dispensable for JIP1 recruitment; this observation agrees with previous cellular experiments (18) . Finally, because JIP1 binds into the TPR groove of KLC1 and the latter is defined by A helices, we can delineate the JIP1-binding site at the surface of A2/A3/A4/A5 helices of KLC1-TPR (Fig. 4C ).
Identification of critical residues of KLC1-TPR for JIP1-C10 binding
To better detail the JIP1-binding site of KLC1, we identified five asparagine and four basic residues that are located in the groove of the minimal region of the TPR domain and protrude at the surface accessible to interact with residues of JIP1 ( Fig. 3A and Table S2 ). Of note, asparagine residues were targeted because (i) multiple mutations on asparagine residues of KLC1-TPR abolished JIP1 binding in a yeast two-hybrid assay (9) , and (ii) the groove of the TPR domain of KLC1 includes numerous asparagine residues. Basic residues were targeted to complement the negative charges found in the KLC1-binding motif of JIP1. The five asparagine residues identified consist of Asn 302 , which is located on the A3 helix; Asn 344 and Asn 351 on the A4 (15)). C, schematic representation of the different truncated fragments of the KLC1-TPR domain. The TPR domain of KLC1 is colored with a rainbow color code ranging from blue for the N terminus to red for the C terminus. Each TPR motif is indicated in a different color. The non-TPR region is shown as a gray loop. 
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helix; and Asn 379 and Asn 386 on the A5 helix (Fig. 5A) . The four basic residues are the Arg 266 located on the A2 helix, Arg 327 on the B3 helix, Lys 340 on the A4 helix, and Lys 382 on the A5 helix ( Fig. 5A ). Based on the reference KLC1-TPR-[A1-B6] fragment, we conceived 11 KLC1-TPR mutants, each carrying a single point mutation on the positions mentioned above (Table S2 ). Most of these positions were replaced by alanine, except position Asn 302 (Asn 287 in KLC2), which was replaced by a leucine to allow consistent comparison with KLC2-TPR:SKIP-WD binding experiments reported previously (16) . The structural integrity of each KLC1-TPR mutant was evaluated using MALS, CD, and DSC (Table S2) , demonstrating that they are monomeric, well folded, and stable.
We performed ITC binding experiments between the WT JIP1-C10 peptide and various mutants of KLC1-TPR (Table 1 and Table S4 ) and compared binding affinities with the WT KLC1-TPR. Binding experiments show that the KLC1-TPR-N379A mutant exhibits similar binding affinity (K d ϭ 6.3 Ϯ 0.9 M) for JIP1-C10 as the WT KLC1-TPR (less than 2-fold decrease in K d ), whereas other asparagine mutations (N302L, N344A, N351A, and N386A) abolish JIP1-C10 binding (Table 1 and Fig. 5B ). Also, ITC experiments show that KLC1-TPR-K340A and -K382A mutants exhibit similar binding affinity (K d of 8.3 Ϯ 2.0 and 3.6 Ϯ 0.5 M, respectively) for JIP1-C10 as the WT KLC1-TPR, whereas the R266A and R327A mutations abolish JIP1-C10 binding (Table 1 and Fig. 4C ). Of note, all of these positions are conserved between the different isoforms of KLC. Interestingly, whereas Lys 340 and Lys 382 mutations to alanine did not impact JIP1-C10 binding, their mutation to glutamate abolished JIP1-C10 binding (Table 1 and Fig. 5C ). These Figure 5 . Identification of critical residues of KLC1-TPR for JIP1-C10 binding. A, KLC1-TPR residues examined by ITC for their binding to JIP1-C10-wt peptide are indicated by white spheres and labeled on the 3D template structure of the KLC1-TPR domain. The critical Asn 343 position is indicated with a red star (15) . KLC1-TPR is shown in a cartoon and colored according to the -fold decrease in binding affinity (K d ) measured in ITC, as shown in Fig. 4C . B and C, superposition of ITC curves showing the interaction of the JIP1-C10-wt peptide with the asparagine mutants (B) and the arginine/lysine mutants (C) of the reference KLC1-TPR-[A1-B6] fragment. For comparison, the reference measurement between the JIP1-C10-wt peptide and the complete KLC1-TPR-[A1-B6] fragment is reported (black). The solid lines drawn through the data points match the best fit to the data. D, surface representation of the 3D structure of KLC1-TPR template (PDB code 3NF1; same orientation as in A) colored in white with critical residues indicated in red and residues in close proximity indicated in pink.
findings suggest that even if Lys 340 and Lys 382 do not make direct contact with JIP1-C10, they are in close proximity. Thus, in addition to the previously identified Asn 343 (located on the A4 helix; Fig. 5A ) (15) , this work identified six residues of KLC1 that are critical for JIP1 binding (Arg 266 , Asn 302 , Asn 344 , Asn 351 , Asn 386 , and Arg 327 ), as well as two residues that have indirect impact (Lys 340 and Lys 382 ). These results provide a footprint of the JIP1-binding site into the TPR domain groove of KLC1 (Fig. 5D ).
Structural basis for the marginal inhibition of JIP1 binding by the LFP-acidic motif of KLC1
The footprint of the JIP1-binding site into the TPR domain groove of KLC1 provided by our biochemical data allows us to rationalize the marginal inhibition of JIP1 binding by the LFPacidic motif of KLC1 (14) . The crystal structure of KLC2-TPR bound to its LFP-acidic motif (PDB code 5FJY (14) ) shows that the autoinhibitory motif lies along A1/A2/A3 helices into the groove of the TPR domain ( Fig. 6A ). Of note, no TPR domain closure is induced by the binding of the LFP-acidic motif, with a distance between A2 and A6 helix axes of 31.0 Å. Two critical residues for JIP1 binding, Arg 266 and Asn 302 (equivalent to Arg 251 and Asn 287 in KLC2, respectively; Table 1 and Fig. 5  (B and C) ) are in close proximity to the LFP-acidic motif (Fig.  6A) , whereas other residues of KLC1-TPR that are also critical for JIP1 binding (Arg 327 , Lys 340 , Asn 344 , Asn 343 , Asn 351 , Lys 382 , and Asn 386 ) are not in proximity to the LFP-acidic motif ( Fig.   Figure 6 . Comparison of the binding sites of the LFP-acidic motif and the SKIP-WD motif with the JIP1-binding site footprint. A, 3D structure of KLC2-TPR bound to its LFP-acidic motif (PDB code 5FJY (14)). B, 3D structure of KLC2-TPR bound to SKIP-WD motif (PDB code 3ZFW (16)). In the KLC2-TPR: SKIP-WD motif complex structure, the A1 helix is not present in the KLC2-TPR fragment crystallized, whereas the B1 helix is not modeled due to electron density absence; thus, the TPR1 motif is absent from the 3D structure. Both KLC2-TPR molecules are shown with a surface representation in gray. KLC1-TPR residues that are critical for JIP1 binding are highlighted in red (residues in proximity to JIP1 are indicated in pink) and labeled with KLC1 numbering. The LFP-acidic motif and the SKIP-WD motif are shown in sticks and colored in green and yellow, respectively. Orientation is conserved with that of Fig. 5D (superposition is done on the TPR2 motif), but because of differences in TPR domain closure, residue positions are slightly different with respect to each other.
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6A) and thus not involved in the LFP-acidic motif interaction. Thus, we anticipate that JIP1 can interact at the C-terminal part of its binding site (B3/A4/B4/A5 helices) without being impeded by the LFP-acidic motif. This is further supported by the fact that the A2 helix, although important, is not critical for JIP1 binding (Table 1 and Fig. 4C ). Then this initial docking of JIP1 to the B3/A4/B4/A5 helices of KLC1 might be sufficient to trigger the release of the LFP-acidic motif, for instance by inducing conformational changes, like a TPR domain closure, which will weaken the LFP-acidic motif interaction. Finally, the release of the LFP-acidic motif will facilitate access to the Arg 266 and Asn 302 residues, allowing the completion of the JIP1 binding process.
Structural basis for the competition between JIP1 and W-acidic motif cargos for KLC binding
JIP1 and ALC␣ compete for their transport by kinesin1-KLC (11), suggesting that both cargos cannot be recruited at the same time by KLC. The structural basis of this competition is, however, not elucidated. The competition can be direct with an overlap of both cargo-binding sites that would induce steric hindrances between cargos, preventing their co-binding. But the competition can also be indirect, with the binding of one cargo inducing KLC1-TPR conformational changes that will prevent the other cargo from recognizing its binding site. Indeed, the crystal structure of KLC2-TPR bound to the WD motif of SKIP showed that upon SKIP-WD binding, the TPR domain undergoes a closure (distance between A2 and A6 helix axes is 26.1 Å) that engenders formation of one hydrophobic pocket, which is required for the critical tryptophan residue of SKIP-WD to bind (PDB code 3ZFW (16)).
To better understand the structural basis of the competition between JIP1 and the W-acidic motif cargo family, we compared information from the crystal structure of KLC2 bound to the SKIP-WD motif with that provided by the footprint of the JIP1-binding site. The crystal structure of KLC2-TPR bound to the SKIP-WD motif shows that the W-acidic motif lies on a binding site formed by A2/A3/A4 helices of KLC2-TPR, whereas the JIP1-binding site covers A2/A3/A4/A5 helices of KLC1-TPR (Fig. 6B) . Thus, the JIP1-and W-acidic motif cargo-binding sites overlap on the A2/A3/A4 helices. On this shared binding site, Arg 251 , Asn 287 , Arg 312 , Asn 329 , and Asn 336 in KLC2 (equivalent to Arg 266 , Asn 302 , Arg 327 , Asn 344 , and Asn 351 , respectively, in KLC1) make hydrogen bonds with side chains and main chains of SKIP-WD motif (PDB code 3ZFW (16) ). These five residues, which are involved in W-acidic motif cargo binding, are also critical for JIP1 binding (Table 1 and Fig.  5 (B and C) ). Thus, at least five residues of KLC1 are involved in both JIP1 and W-acidic motif cargo interaction, preventing their co-binding to KLC1-TPR. Altogether, these observations support a direct competition between JIP1 and W-acidic motif cargos. However, we cannot exclude the possibility that additional indirect impact can take place due to conformational change of the TPR domain of KLC upon cargo binding that would modify the binding surface recognition, like formation of hydrophobic pockets.
Interestingly, despite the JIP1-and W-acidic motif cargobinding sites largely overlapping on the TPR domain of KLC, they are not strictly equivalent. Indeed, the JIP1-binding site involved the A5 helix, which is not part of the W-acidic motif cargo-binding site. The residue Asn 386 of KLC1 (equivalent to KLC2-Asn 371 ), which is located on the A5 helix, is critical for JIP1-C10 binding (Table 1 and Fig. 5B ), but it makes no interaction with the SKIP-WD motif (PDB code 3ZFW (16)). Using ITC binding experiments, we confirmed that the Asn 386 of KLC1-TPR has no impact on ALC␣-WD1 motif binding (Tables S4 and S7 and Fig. S4 ). Of note, KLC1-Asn 343 , which is located on the A4 helix, is critical for JIP1 binding but not for ALC␣ binding (15) . Thus, these differences highlight that despite the fact that the KLC1-binding motifs of JIP1 and W-acidic motif cargos share similarities (aromatic acid charge sequence) and their binding site largely overlap, they exhibit distinct modes of binding.
Relationship between biochemical and structural data for the KLC1-TPR:JIP1 interaction
During the revision of this manuscript, the 3D structure of KLC1-TPR bound to the last 11 residues of JIP1 was released (PDB code 6FUZ (25)). We compared these structural data with the biochemical data presented in this study. First, in the crystal structure, the TPR domain of KLC1 exhibits a close conformation (distance between A2 and A6 helix axes is 20.7 Å) that allows JIP1 to bind KLC1-TPR from the TPR2 to the TPR5 motifs ( Fig. 7A) , as confirmed by ITC binding experiments using the truncated fragments of KLC1-TPR (Fig. 4) . Then most of the KLC1-TPR residues required for JIP1 binding (Fig.  5 ) are in direct interactions with JIP1 (Fig. 7, B and C) . KLC1-Asn 351 makes one hydrogen bond with the carboxylate group of Asp 707 and contributes to the formation of the hydrophobic pocket located at the interface of A3-A4 helices in which JIP1-Tyr 709 lies (Fig. 7B ). KLC1-Asn 344 and Asn 386 each make a double hydrogen bond with the backbone groups of Leu 710 and Ile 708 of JIP1, respectively (Fig. 7B) , whereas KLC1-Asn 343 contributes to this network of interactions with (i) one hydrogen bond to the backbone carbonyl group of Ile 708 and (ii) one hydrogen bond to the carboxamide group of KLC1-Asn 386 (Fig.  7B ). Both KLC1-Arg 266 and KLC1-Asn 302 interact with the Glu 711 of JIP1; the first participates in a salt bridge, whereas the second contributes with one hydrogen bond (Fig. 7C) . Finally, KLC1-Lys 340 and -Lys 382 residues, which are not critical for JIP1 binding (Table 1 and Fig. 5C ), make no direct interaction with JIP1 (Fig. 7, B and C) , but both are in the vicinity of JIP1, which correlates with the fact that their mutation to the reverse charge glutamate abolishes JIP1 binding (Table 1 and Fig. 5C ). KLC1-Asn 379 which is not critical for JIP1 binding (Table 1 and Fig. 5B ) locates in the van der Waals sphere of JIP1-Leu 710 (Fig.  7B) . Interestingly, KLC1-Arg 327 , which was identified as a critical residue for JIP1 binding (Table 1 and Fig. 5 (B and C) ), is not in direct contact with JIP1. However, it participates, together with Asn 301 and Gln 341 , in a network of hydrogen bonds that directs Asn 344 to JIP1. Thus, this reveals that residues Asn 301 and Gln 341 , together with Arg 327 , Asn 343 , Asn 343 , and Asn 386 , are required for the formation of a network of interactions that is critical for JIP1 binding. Altogether, our binding ITC experiments strongly support the KLC1:JIP1 complex structure recently determined (PDB code 6FUZ (25)).
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Modeling of KLC1-TPR:SH2D6 peptide supports MST binding experiments
The modeling of the potential KLC1-binding motif of mouse SH2D6 ( 172 PDEDIYLECE 181 sequence) into the TPR domain of KLC1 (Fig. 8A) represents a valuable structural basis to verify whether SH2D6 can accommodate into the KLC1-TPR groove. Because it is strictly identical to JIP1, the central part of the SH2D6 peptides (the EDIYLE sequence) should be able to interact with KLC1-TPR in the same manner as JIP1. The N-terminal part of the SH2D6 peptide (-KKPD-and -PDsequences) should not prevent interaction with KLC1-TPR. Indeed, the modeling shows that Thr 705 of JIP1 can be replaced by the Asp 173 of SH2D6 without inducing steric hindrance or repulsion with KLC1-TPR (Fig. 8B) . Moreover, the Asp 173 of SH2D6 is close to two basic residues of KLC1-TPR, Lys 393 and Arg 476 , respectively (Fig. 8B) . In SH2D6, the two conserved lysine residues before the Asp 173 should not be in interaction with KLC1-TPR, because in the crystal structure, residues 701-703 (-YTC-sequence) of JIP1 are not modeled, suggesting that no electron density is observed for these residues, probably due to their flexibility. Thus, this suggests that the N-terminal part of the SH2D6 that differs in sequence with JIP1 should not impede the binding to KLC1-TPR (Fig. 2C ). Furthermore, in addition to the crystal structure of KLC1-TPR:JIP1 complex (25)). KLC1-TPR is shown with a white surface representation, and critical residues for JIP1 binding are highlighted in red (residues in proximity to JIP1 are indicated in pink). The JIP1-C10 motif is shown in sticks and colored in teal. Orientation is conserved with that of Figs. 5D and 6 (superposition is done on the TPR2 motif), but because of differences in TPR domain closure, the positions of residues involved in JIP1-binding are slightly different with respect to each other. B and C, detailed views of the interaction between JIP1 and the critical residues of KLC1-TPR. The color code is as in A.
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(PDB code 6FUZ (25) ), that of KLC1-TPR bound to the extreme C terminus of TorsinA (PDB code 6FV0 (25)), another KLC1binding partner (26) , has been released at the same time. Of note, both crystal structures reveal that JIP1 and TorsinA share the same mode of binding to KLC1-TPR. In TorsinA, the sequence of the N-terminal part of the KLC1-binding motif (Fig. 8A) is even more divergent from that of JIP1 than that of SH2D6. Both the N terminus of JIP1 and that of TorsinA accommodate differently into the TPR domain of KLC1. This observation further supports that the sequence differences in the N-terminal part of the potential KLC1-binding motif of SH2D6 should not prevent its binding. At the C-terminal part of the SH2D6 peptide, differences are also observed compared with JIP1 with (i) the presence of two additional residues (-CEsequence) and (ii) the absence of the C-terminal carboxylate (Fig. 8A) . One difference is also observed between JIP1 and TorsinA, with the latter exhibiting one additional residue (Asp 712 ) at its extreme C terminus (Fig. 8A) . Both the C terminus of JIP1 and that of TorsinA accommodate differently into the TPR domain of KLC1. Thus, even if the SH2D6-Cys 180 does not make the same network of hydrogen bonds with KLC1-TPR as TorsinA-Asp 712 (located at the same position; Fig. 8A ), it should not prevent SH2D6 from interacting with KLC1-TPR ( Fig. 8C ). Furthermore, similarly to the Asp 712 of TorsinA, backbone carbonyl and amide groups of Cys 180 of SH2D6 will contribute by a double hydrogen bond with the Asn 302 of KLC1-TPR. Finally, the following Glu 181 in SH2D6 should be able to accommodate into the TPR domain groove of KLC1-TPR and should even be stabilized by direct interactions with His 217 and Arg 285 of KLC1-TPR (Fig. 8C) . Thus, the modeling of the potential KLC1-binding motif of SH2D6 into the TPR domain of KLC1 suggests that SH2D6 can bind into the TPR domain of KLC1, as shown by MST binding experiments (Fig. 2C ). Difference in affinity (3-fold) observed between JIP1 and SH2D6 for KLC1-TPR binding can be explained by the sequence differences at the N terminus and/or the C terminus of their KLC1-binding motif. However, further experiments are required to confirm that SH2D6 might be a KLC1-binding (25)). The KLC1-TPR domain is shown with a white surface representation, and residues critical for JIP1 binding are highlighted in red (and pink for residues in proximity). A second orthogonal view is shown to allow the visualization of the extreme C terminus (last three residues) of the SH2D6 peptide. B and C, detailed views of the interaction between SH2D6 and the KLC1-TPR domain. The potential KLC1-binding motif of SH2D6 is shown in sticks and colored in purple. The color code is as in A.
partner in a cellular context and whether it is transported by kinesin1.
Conclusion
Using a protein engineering approach, we conceived various fragments of KLC1, truncated helix by helix either at the N terminus or the C terminus of its TPR domain. All of these KLC1-TPR fragments were assessed for their ability to bind to JIP1 by calorimetry. In that way, the JIP1-binding site of KLC1-TPR was narrowed down to the region extending from the TPR2 to TPR5 motifs, revealing that TPR1 and TPR6 motifs are dispensable for JIP1 binding. Then we identified nine residues located in the groove of the TPR domain of KLC1 that were independently examined for their ability to bind to KLC1-TPR. This allowed us to identify seven critical residues for JIP1 binding, as well as two additional residues that despite not being critical for the interaction are located in the vicinity of the JIP1 binding site. Altogether, this biochemical characterization provides a detailed footprint of the JIP1-binding site in the TPR domain groove of KLC1. Finally, this JIP1-binding site footprint gives insights to better understand the structural basis for (i) the marginal inhibition of JIP1 binding by the LFP-acidic motif of KLC1 and (ii) the competition between JIP1 and W-acidic motif cargos for KLC1 binding. During the revision of this manuscript, the 3D structure of KLC1-TPR bound to JIP1 was released (PDB code 6FUZ) and supports the JIP1-binding footprint identified in this study. Altogether, these complementary biochemical and structural data contribute to a detailed understanding of how JIP1 is recognized and interacts with KLC1-TPR.
We identified new potential KLC1-binding partners that will exhibit a similar motif as the KLC1-binding motif of JIP1. All of them possess this motif into their internal part and not at their extreme C terminus. One of them, the SH2D6 protein, shares strongly similar sequence with JIP1 for this motif. Binding experiments and modeling suggest that SH2D6 might be a KLC1-binding partner. Altogether, JIP1, TorsinA, and SH2D6 accommodate into the TPR domain of KLC1 sharing the central consensus sequence [ (25) rightly named this latter the "Y-acidic" motif. However, differences are observed among these three proteins. First, whereas the Y-acidic motif of SH2D6 is in an internal unstructured part of the molecule, those of JIP1 and TorsinA are located at their extreme C terminus. Also, sequence differences are observed before and after the Y-acidic motif that lead to structural differences in KLC1-TPR interactions. This reveals that KLC1 can accommodate sequence and structural variations at the N terminus and C terminus of the Y-acidic motif. Such differences outside the Y-acidic motif probably represent a way to modulate the binding affinity of the cargo itself, but also a way to modulate competition with co-binding partners, as the KLC1 autoinhibitory motif or W-acidic motif cargos. Altogether, these observations reveal that the KLC1-binding motif observed in JIP1 is found in several other proteins: TorsinA and SH2D6 as well as potential KLC1-binding partners identified here using sequence search (Table S1 ). Interestingly, these also suggest that the Y-acidic motif is not only found at the extreme C termi-nus, but also in the internal part of KLC1 cargos, as observed for the W-acidic motif. Overall, this highlights that JIP1 belongs to a growing kinesin1 cargo family whose members share the same mode of binding, allowing some variations.
Experimental procedures
Primary sequence analysis
For sequence analysis, human JIP1 and JIP2, with accession numbers NP_005447.1 and NP_036456.1, respectively, were used. The phylogenetic study was performed using full-length sequences of JIP1 and JIP2 homologs retrieved using two iterations of InterEvolAlign (27) : one iteration against the OMA 2011 "Entire genomes" database (28) and the other one against the RefSeq database. All homologous sequences were updated to the latest RefSeq sequences (29) . Those full-length sequences were realigned using the MAFFT E-INS-i algorithm (30) . A phylogenetic tree was calculated using the PhyML program (version 3.1) (31) with standard parameters (LG substitution model with four substitution rate categories). The tree was visualized with Dendroscope (32) using a cladogram representation. The associated multiple sequence alignment was visualized with Jalview (33) after removing columns containing more than 50% gaps.
For the KLC1-binding motif search, we used the consensus motif (E/D)(E/D)(I/M/L/V)Y(I/M/L/V)(E/D) against the Uni-ProtKB (SwissProt including splice sequences ϩ TrEMBL) database using the ScanProsite (21) tool. Predicted secondary structure filtering was performed using PSIPRED (34) on a profile built by one iteration of HHblits (35) against the Uniprot20 2016_02 database; groups where all proteins with confident secondary structure predictions have at least one position in the motif predicted as helix or strand were eliminated.
The multiple sequence alignment for SH2D6 (shown in Fig.  S2 ) was built starting from the mouse sequence (Uniprot identifier Q9D413, SH2D6_MOUSE). HHblits (35) was used to search for homologous sequences in the Uniprot database (version 2016_02). The alignment was filtered to keep only sequences that have more than 40% sequence identity and more than 60% coverage with the query sequence (to avoid sequences matching only the C-terminal SH2 domain). Redundancy was removed by filtering the alignment down to maximum 95% sequence identity. No human sequences were present in the alignment because the human isoforms described in the Uniprot database are missing the region containing the JIP1-Cter motif. Therefore, human sequences were added by querying the NCBI RefSeq database (29) (which contains 17 predicted isoforms of human SH2D6) and filtering to keep only isoforms with maximum 95% mutual sequence identity. All sequences were realigned globally using the MAFFT E-INS-i algorithm (30) . The multiple-sequence alignment was visualized with Jalview (32) .
Gene constructs, protein expression, and purification
cDNAs encoding the complete TPR domain fragment of human KLC1 (residues 206 -502; accession number NP_005543) were cloned into the pET-HTb plasmid in NcoI/KpnI restriction sites. All mutants of KLC1 were generated from the complete TPR domain fragment into the pET-HTb plasmid by Pro-teoGenix. All truncated fragments of the KLC1-TPR domain were cloned into the pET28a plasmid in NdeI/BamHI or NdeI/
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EcoRI restriction sites. The KLC1-TPR-[A1-B6]-nonTPR fragment is a synthetic gene (Proteogenix) cloned in the pET-28a plasmid in NCoI/XhoI restriction sites. The non-TPR region (residues 419 -458) was deleted, and a short flexible linker (G4S) 1 was inserted between Ser 418 and Asp 459 . cDNAs encoding the complete TPR domain fragment of mouse KLC2 (residues 190 -484; accession number NP_032477) were cloned into the pET28a plasmid in NdeI/EcoRI restriction sites. Table  S2 provides information on the sequence boundaries of each of these KLC-TPR fragments and mutants.
All KLC fragments were produced in Escherichia coli BL21-Gold (DE3) as N terminus His tag fusion proteins. Cells were collected after induction with 0.4 mM isopropyl 1-thio-␤-D-galactopyranoside for 4 h at 25°C. Frozen bacteria were suspended in 25 mM Hepes, pH 7.0, containing 500 mM NaCl, 5% glycerol, 1 mM DTT, 20 mM imidazole, pH 7.0, 0.05% Triton, protease inhibitor mixture (1 mini-tablet/liter, Biotool), and 0.7 mg/ml lysozyme. The lysate was incubated for 1 h at 4°C, disrupted by sonication, and ultracentrifuged at 40,000 rpm for 40 min at 4°C. The soluble lysate was loaded onto a His-Trap 5-ml column (GE Healthcare). The column was equilibrated with 25 mM Hepes, pH 7.0, 500 mM NaCl, 5% glycerol, 1 mM DTT, and 20 mM imidazole, pH 7.0. The column was washed with 5 column volumes of the same buffer and eluted by one step with 25 mM Hepes, pH 7.0, 500 mM NaCl, 5% glycerol, 1 mM DTT, and 500 mM imidazole, pH 7.0. Then it was loaded on a HiLoad 16/60 Superdex 75 column (GE Healthcare) using elution buffer containing 25 mM Hepes, pH 7.0, and 250 mM NaCl. All KLC fragments and mutants were stored at Ϫ80°C. Table S2 provides information on the stability of each of these KLC-TPR fragments and mutants (results from MALS, CD, and DSC experiments are reported; see supporting Experimental procedures).
Isothermal titration calorimetry
Binding affinities of the JIP1-C10 peptides, ALC␣-WD1 peptide, and SH2D6 peptides (all synthesized by Proteogenix; Table S3 ) to all KLC1-TPR fragments and mutants and KLC2-TPR-wt were measured by ITC (ITC200 microcalorimeter, MicroCal Inc., Malvern Panalytical). Measurements were performed at 25°C in a buffer containing 25 mM Hepes, pH 7.0, and 150 mM NaCl. All KLC-TPR was set between 40 and 90 M concentration in the cell, whereas JIP1-C10, ALC␣-WD1, and SH2D6 peptides were set in the syringe at 0.5-1 mM concentration. The JIP1-C10 peptides were purified on a Superdex Peptide gel filtration column before ITC experiments to improve the quality of the titration measurements. Due to protein stability concerns, the histidine tag was kept for KLC1-TPR. A first injection of 0.4 l, which was not taken into account for the fitting, was followed by 20 injections of 2 l at intervals of 180 s. Data were analyzed using the MicroCal Origin software provided by the manufacturer.
Microscale thermophoresis
The reference KLC1-TPR-[A1-B6] fragment was labeled using the GREEN-NHS Labeling kit (NanoTemper Technologies). The labeling reaction was performed according to the manufacturer's instructions. The labeled KLC1-TPR-[A1-B6] fragment was stored in 50 mM Hepes, pH 7, and 200 mM NaCl. For experiments, the labeled sample was then adjusted to 40 nM with the ITC buffer containing 25 mM Hepes, pH 7.0, and 150 mM NaCl supplemented with 0.05% Tween 20 (NanoTemper Technologies). The JIP1-C10-wt and the SH2D6-[172-181] peptides were dissolved in the same buffer to a concentration of 564 M. The peptides were diluted 16 times in a 2:1 serial dilution. For thermophoresis, each peptide dilution was mixed with one volume of labeled KLC1-TPR-[A1-B6]. Each dilution was filled into Monolith NT standard treated capillaries (Nano-Temper Technologies GmbH). Thermophoresis was measured using a Monolith NT.115 instrument (NanoTemper Technologies GmbH) at an ambient temperature of 22°C with 3-s/20s/1-s laser off/on/off times, respectively. Instrument parameters were adjusted with 80% LED power and 40% MST power. Data of three independently pipetted measurements were analyzed (MO.Affinity Analysis software, NanoTemper Technologies) using the signal from thermophoresis.
Modeling and structural analysis
Helix axis distances were calculated using helix_angles.py (R. L. Campbell, Queen's University) using A2 and A6 helices, which take into account the absence of A1 and B1 helices from the KLC2:SKIP-WD complex structure (PDB code 3ZFW). The model of KLC-TPR:SH2D6 complex was performed using the KLC1-TPR:JIP1 complex structure (PDB code 6FUZ) as guide. First, the lama glama nanobody (chain F) was removed. Then the eight residues of JIP1 (-PTEDIYLE COOH sequence) were replaced by the 10 residues of SH2D6 sequence (-PDEDI-YLECE-sequence) based on (i) sequence alignment of both proteins and (ii) the two additional C-terminal residues of SH2D6 (-CE-sequence) were modeled guided by the KLC1-TPR:TorsinA structure (PDB code 6FV0). These modifications were performed manually using COOT (36) . Then a geometry minimization was done using Phenix software (37) to take into account the new sequence of the peptide bound to KLC1-TPR. Structure and protein-protein interaction analysis were performed using the PyMOL graphical program (38) and the interactive tool PDBePISA (39) . Figures were computed using PyMOL (38) .
